Personal monitoring studies have indicated that environmental tobacco smoke ( ETS ) and cooking are major indoor particulate sources in residential and nonindustrial environments. Continuous monitoring of fine particles improves exposure assessment by characterizing the effect of time -varying indoor sources. We evaluated a portable nephelometer as a continuous monitor of indoor particulate levels. Simultaneous sampling with the nephelometer and PM 2.5 impactors was undertaken to determine the relationship between particle light scattering extinction coefficient ( sp ) and particle mass concentration in field and environmental chamber settings. Chamber studies evaluated nephelometer measurements of ETS and particles produced from toasting bread and frying foods. Field measurements were conducted in 20 restaurants and bars with different smoking restrictions, and in five residential kitchens. Additional measurements compared the nephelometer to a different mass measurement method, a piezobalance, in a well -characterized residence where various foods were cooked and ETS was produced. Since the piezobalance provides 2 -min average mass concentration measurements, these comparisons tested the ability of the nephelometer to measure transient particle concentration peaks and decay rate curves. We found that sp and particle mass were highly correlated ( R 2 values of 0.63 ± 0.98 ) over a large concentration range ( 5 ± 1600 g / m 3 ) and for different particle sources. Piezobalance and gravimetric comparisons with the nephelometer indicated similar sp vs. mass slopes ( 5.6 and 4.7 m 2 / g for piezobalance and gravimetric comparisons of ETS, respectively ) . Somewhat different sp vs. particle mass slopes ( 1.9 ± 5.6 m 2 / g ) were observed for the different particle sources, reflecting the influence of particle composition on light scattering. However, in similar indoor environments, the relationship between particle light scattering and mass concentration was consistent enough to use independent nephelometer measurements as estimates of short -term mass concentrations. A method to use nephelometer measurements to determine particulate source strengths is derived and an example application is described.
Introduction
A growing body of evidence links ambient particulate air pollution from combustion sources with adverse health outcomes ( Dockery and Pope, 1994 ) . Because people spend the majority of their time indoors, it is important that exposure to respirable particulates from indoor combustion sources be quantified as an important step toward assessing its role in health outcomes. Two of the most significant indoor combustion activities and sources of PM 2.5 are environmental tobacco smoke ( ETS ) and the cooking of food ( Kamens et al., 1991; Ozkaynak et al., 1996) , especially frying when cooking oil is allowed to smoke ( Wallace, 1996a,b ) .
Portable nephelometers provide the ability to measure continuously transient fluctuations in particulate concentration due to variations in generation or clearance (ventilation ) rates (Anuszewski et al., 1998 ) . Nephelometers measure the particle light scattering extinction coefficient ( sp ) that can be related to particle mass concentration. Previous studies comparing nephelometer results to PM 2.5 impactor measurements indicate strong correlations ( 0.81< R 2 <0.96 ) when sampling kitchens fuelled with biomass in Mexico, in homes with wood stoves and ETS in rural British Columbia (Brauer, 1995; Brauer et al., 1996 ) and in ambient air (Waggoner and Weiss, 1980; Koenig et al., 1993; Thomas and Gebhart, 1994 ) . In the present study, the performance of a nephelometer (Radiance Research Model M903, Seattle, WA ) for a large number of cooking and ETS sources was compared with mass concentrations determined using two different particulate mass concentration measurement techniques: a PM 2.5 Harvard Impactor (Marple et al., 1987 ) and a piezobalance (TSI Model 8510, St. Paul, MN ) equipped with a PM 3.5 impactor.
The piezobalance, selective for particles smaller than 3.5 m (d a ), collects these particles on an oscillating piezo-electric crystal. Mass concentration is determined from changes in the frequency of crystal oscillation. Data are logged manually. Use of the piezobalance has been validated in a review of experiments . Olin and Sem ( 1971 ) found that frequency changes in crystals of the type used in the piezobalance correlated well with aerosol mass. In a later experiment, responses of 11 piezobalances were compared to concentrations determined from masses of filter -collected particulates (Sem et al., 1977 ) . These researchers found that all piezobalance concentrations were within 10% of filter-collected concentrations over a concentration range of 0.3 to 3.0 mg /m 3 . As much as half this variation could have been due to errors inherent in determining concentrations from filter masses ( e.g., errors in determining pump flow or variation between replicate filter samples ) . Another series of experiments reported in the same article showed similar results when examining responses to 10 different aerosols over a range of 0.05 to 5.5 mg /m 3 . Concentrations determined from piezobalance response and particulates drawn onto filters using low flow pumps were again within 10% with the single exception of tobacco smoke, which was 15% lower by piezobalance. Simultaneous piezobalances measured concentrations within 5% of each other. Other studies have compared the performance of the piezobalance with filter mass measurements (Ingebrethsen et al., 1988 ) and with other real time monitors (Zhu et al., 1993 ) .
Here we present a series of experiments in which particulates generated from several cooking sources and tobacco smoke were measured with a portable nephelometer and one of two reference methods for respirable particulates. Measurements evaluated the nephelometer along with gravimetric PM 2.5 measurements collected with an inertial impactor. These studies were conducted in a chamber, in 20 restaurants and in the kitchens of five homes, all located in Vancouver, BC. A series of cooking and cigarette tests in a single, well -characterized private residence in Redwood City, CA, evaluated the same Radiance Research model M903 nephelometer compared with a portable piezobalance that measures PM 3.5 . Comparisons of nephelometer and piezobalance readings for ambient air pollution ( primarily residential wood smoke) were made at a private residence in Los Altos, CA.
Methods

Chamber Studies
We performed a series of chamber experiments to determine the correlation between light scattering and particulate mass concentrations for particulates generated from sidestream cigarette smoke, slightly burnt toast, and frying French fries under controlled conditions. The chamber had a volume of 56.6 m 3 with painted gypsum walls, vinyl floor tiles, and A portable nephelometer and a PM 2.5 Harvard Impactor were located in the chamber for all experiments. The nephelometer uses a 530 -nm wavelength defining optical filter and a variable rate flashlamp to determine the particle light scattering extinction coefficient ( sp ) . The instrument was operated at a flash rate of 2 Hz with a signal time constant of 32 s. The nephelometer uses a small fan to draw unheated room air into its measurement chamber. The instrument operating parameters, real time, and sp 1-to 5-min averages were recorded on the instrument's internal data logger. The nephelometer chamber was cleaned and calibrated between experiments with room air passed through two HEPA filters connected in series. Zero -air and span calibrations were performed in the laboratory before and after each use.
The impactor was operated at a 4 l/min flow rate using indoor (URG model 3000 -02Q ) sampling pumps calibrated with a precision rotameter ( Matheson 603 ). Flow rates were checked once during and once after the sampling period with the same rotameter. A frictionless piston ( BIOS International Corp. Model DC -1) was the primary standard used to calibrate the rotameters. Respirable particles were collected on 41 -mm Teflon (PTFE ) membranes with polyolefin ring (Gelman Sciences R2POJ41, Ann Arbor, MI ). Membrane filters were equilibrated for 48 h in a temperature -and humiditycontrolled environment (25 0.58C, 43 5% relative humidity ) before pre -and post -sample weighing. Particle mass, determined using a ( Sartorius M3P ) microbalance ( resolution = 1 g, sensitivity = 2 g ) were corrected for pre /post weight fluctuations in laboratory blanks. The detection limit, based on three times the standard deviation of blank filters and assuming a 6-h sample duration, was 10.4 g/m 3 .
Measurements in Restaurants, Bars and Residential Kitchens
Six -hour samples were collected with the same PM 2.5 impactor and nephelometer in five nonsmoking restaurants, 11 restaurants with designated smoking /nonsmoking sections, and 4 bars (with kitchens ) where smoking was unrestricted. For all measurements, sampling instruments were placed side -by-side on a restaurant tabletop. These measurements have been described in detail elsewhere ( Brauer and t'Mannetje, 1998 ) . The nephelometer and impactor were also used to sample airborne particulates in five nonsmoking residential kitchens in homes located in Vancouver, BC. Normal cooking practices were followed for meals in which bacon, spring rolls, vegetables, chicken and ground beef were prepared by frying. Sampling periods included 24-to 54-min cooking durations plus 30 min preand post -cooking.
Piezobalance Measurements of Indoor Particulate from Cooking Sources and ETS
The nephelometer was also compared to a different portable particle measurement device, the Model 8510 piezobalance in a series of 21 experiments performed in a single, well -characterized residence, a 510 -m 3 two-story, four-bedroom home in Redwood City, CA. The piezobalance employs a piezoelectric microbalance sensor to measure mass concentration (Sem et al., 1977 ) . Air entering the instrument first passes an impactor that traps particles larger than PM 3.5 . Smaller particles continue along a short tube, through an electrostatic precipitator, and out a nozzle into the high -intensity portion of the corona discharge. This process charges the particles. The charged particles are then collected on an oscillating crystalline quartz disk ( height =0.2 mm, diameter =13 mm ) . Application of an electric current induces a highly stable oscillation in the disk due to the piezoelectric effect. Particles adhering to the disk reduce the oscillating frequency in direct proportion to their mass. The sensitivity of this commercial piezobalance is approximately 0.005 g/m 3 . Sem et al. (1977 ) report differences of 10% or less for all particulates except tobacco smoke ( 15% ) when comparing the piezobalance to filtercollection devices. In field operation, piezobalance precision has been reported to be 10 g/m 3 or better .
Piezobalance and nephelometer measurements were made with the two devices positioned with inlets not more than 5 ft apart in the Redwood City, CA, residence in September, 1996. To allow adequate mixing of the generated aerosol the two instruments were set up in the living room to assess particulates generated in the adjacent kitchen. Particle -generating activities included toasting bread or English muffins; frying hamburger or steak; microwaving popcorn, and machine smoking Fairmont Select cigars or various cigarettes ( Marlboro, Eclipse Milds, and Kentucky Research ). Data were logged by hand.
Piezobalance Measurements of Wood Smoke
Additional side -by-side measurements with the piezobalance and nephelometer were made on the rear porch of a private Los Altos, CA residence between January Table 1 . Correlations between particle mass ( PM 2.5 / PM 3.5 ) and light scattering for different particle sources and microenvironments.
Particle source / microenvironment
Range of respirable particulate a ( g / m 3 )
Cooking ( Brauer, 1995 ) .
10 ±31, 1994. Observations by residents and earlier nephelometer readings were associated with smoke generated by wood -burning stoves and fireplaces in nearby homes. Measurements not exceeding 30 min were collected at various times of the day (usually late evening ). Output from the two instruments was compared using linear regression giving both the slope and correlation coefficient (Table 1 ) .
Results Table 1 presents correlations between light scattering coefficients, measured with the nephelometer, and respirable particles as measured by the Harvard Impactor ( PM 2.5 ) and the piezobalance (PM 3.5 ). Correlation coefficients for the piezobalance and nephelometer were found to be dependent upon the range of concentrations measured. For this reason, experiments recorded in Table 1 are those where the range of particulate concentrations was more than 30 g/m 3 . With one exception, light scattering and mass concentrations were highly correlated ( R 2 > 0.80 ). The exception was a series of nephelometer and impactor measurements in nonsmoking restaurants ( R 2 = 0.47 ), which can be considered to represent an environment with heterogeneous particle sources and with relatively low concentrations.
Nephelometer and Impactor Measurements
Our chamber studies demonstrated high correlations between PM 2.5 Harvard Impactors and the nephelometer under relatively controlled conditions in which a single particle source was dominant. R 2 values between the two instruments were 0.87 for frying French fries, 0.93 for toasting bread and 0.99 for ETS. Slopes of these relationships ranged from 3.7 to 5.3 m 2 /g. Correlations between the PM 2.5 impactor and the nephelometer were higher for restaurants and bars that allowed smoking (0.92<R 2 < 0.97 ) than for restaurants that did not ( R 2 = 0.47) . The slopes of these relationships ranged from 0.9 m 2 /g in nonsmoking restaurants to 4.7 m 2 /g in bars with no smoking restrictions. Figure 1 shows the increase in particle light scattering associated with ETS in an unrestricted smoking establishment with a mean of 42 customers during the 5-h period. In the figure, the cigarette count has been multiplied by 10, so a value of 100 at a given time corresponds to 10 cigarettes actively smoked at that instant. A gradual increase in the number of cigarettes is highly correlated (r =0.80) with an increase in the number of customers. Figure 2 shows the effect of frying food in a residential kitchen on particle light scattering. During the cooking period, the particle light scattering coefficient begins to increase and it rises to 10 times higher than the background level before beginning to decline shortly after cooking has ceased. In this example, light scattering levels remained more than twice background levels for approximately 60 min.
Nephelometer and Piezobalance Measurements
The nephelometer was also highly correlated with piezobalance mass measurements for a wide variety of particle sources (Table 1 ). Figure 3 plots one method versus the other and illustrates the agreement between the two collocated techniques for measurements made while cooking two filet mignon steaks rare (R 2 =0.96 ). Collocated outdoor measurements of wood smoke also showed a high correlation for the two techniques (R 2 =0.83 ) and a slope similar to that observed for the nephelometer and impactor measurements. There was also a high degree of correlation for an ETS experiment (R 2 =0.82 ) and a slope of 5.1 m 2 / g, which was very close to that determined for chamber and field ETS measurements with the nephelometer and impactor (4.7 m 2 /g ). The slopes for the relationship between nephelometer and piezobalance ranged from 1.6 m 2 /g for cooking to 9.0 m 2 / g for tobacco smoke.
Simultaneous nephelometer and piezobalance measurements of indoor particulate indicated that the nephelometer was also able to measure reliably the short -term fluctuations in particle mass concentrations. Figures 4 and 5 present time -series plots of collocated nephelometer and piezobalance readings after cooking hamburger and popcorn, respectively. As indicated in the figures, the nephelometer and piezobalance traces tend to agree well with one another when the number of data points is reasonably large and the concentration varies over a broad range. Coefficients of determination between the two measurement methods for both of these experiments were R 2 =0.98.
Discussion
The high correlations between particle light scattering and concentration of respirable particulates demonstrated in this study confirm previous findings that the nephelometer, once calibrated, is a reliable instrument for the measurement of indoor particle mass concentrations (Anuszewski et al., 1998; Brauer, 1995; Brauer et al., 1996 ) . Its fast response, continuous measurement, and data logging capabilities make it a useful tool for capturing transient shifts in concentration and for identifying and characterizing aerosol generating sources. Particle light scattering is a function of particle diameter, composition, and shape ( Ruby et al., 1989 ) . Thus, one would expect that slopes of calibration curves correlating the nephelometer with mass concentrations would be dependent upon particle type. Although the nephelometer, impactor and piezobalance all had different particle size cut points (none, 2.5 and 3.5 m, respectively ), one would expect the agreement between the nephelometer and mass measurement devices to be best for the small mass median diameter ( <1 m ) such as those aerosols tested here. The agreement may be worse for larger diameter particle distributions.
The correlations we measured between the nephelometer and piezobalance were generally high ( R 2 range of 0.82 ± 0.98 ), the slopes varied from 0.9 to 9.0 m 2 /g, depending on particle sources and microenvironments. However, the slopes we determined were not dissimilar from the 3.3 m 2 / g slope reported by Waggoner and Weiss (Waggoner and Weiss, 1980 ) for varied ambient particulates < 3 m. The slopes calculated when measuring similar particulate sources were notably alike. The slope for pan -frying foods in a series of residential kitchens in Vancouver ( 3.3 m 2 /g) was very close to that for pan -frying steak in a California home (3.0 m 2 / g) . The slope achieved in bars with no smoking restrictions was identical to that determined for ETS in the chamber studies (4.7 m 2 /g ). Smoke from burning two different plant materials ( tobacco and wood ) yielded identical slopes (5.6 m 2 /g) . This value is similar to the 4.9 m 2 / g slope previously reported for wood smoke outdoors (Koenig et al., 1993) .
Source Strength Calculations
One useful attribute of the nephelometer and other continuous particle monitors is the ability to estimate source strengths. A simple method for estimating source particulate strengths from continuous monitors is described below. Use of the piezobalance and indoor air quality models for the estimation of indoor particulate concentrations and cigarette emission rates have been demonstrated previously (Ott et al., 1992; Klepeis et al., 1996 ) . Many of the assumptions in the method described below have been described in more detail elsewhere and have been validated in separate model experiments as described by Ott et al. ( 1992 ) . A simplified equation for computing the source strength is derived below.
Consider a well -mixed room of volume v, with interior pollutant concentration that varies with time x( t), an indoor time -varying source g( t), and a time varying pollutant concentration x 0 (t) entering from outdoors at flow rate w. Because air is assumed not to be compressible, the air infiltration flow rate w is the same magnitude as the air exfiltration flow rate out of the room but in the opposite direction À w. Because the air is assumed to be instantaneously well -mixed inside the room, the interior concentration x (t ) is spatially uniform inside the room at any time t. Assuming an initial condition of x ( 0) = 0, the total mass present inside the room at time t=T is the product x (T )v. This mass present in the room at that time is equivalent to the sum of the total amount of mass released by the source between the time t= 0 and t =T [ i.e., the integral of g (T ) ] plus the amount of mass added from outdoors by infiltration [ i.e., the integral of the product x 0 ( t)w ] less the amount of mass lost by exfiltration and particle deposition [i.e., the integral of the product (w + u ) x ( t) where u depicts particle loss by deposition ].
Differentiating this equation gives:
Rearranging the terms, dividing by w + u and substituting the particle decay rate = (w + u)/v gives:
Integrating each term over time T and taking the mean of every term:
where xT , x 0 T and gT are equal to the average indoor concentration, the average outdoor concentration, and the average source strength over time T, respectively. Solving (4 ) for the average source strength g (T ) gives
For simplicity, we assume that the average outdoor concentration x o ( T) = 0, which is valid for a chamber experiment or an isolated indoor space. Then, ( 5) may be written as:
If we wish to use experimental data to determine the source strength and if the source strength is constant g s over time t s and otherwise zero, then the average source strength over the period from t=0 to t= T is:
Substituting (7 ) into (6 ) and solving for g s gives
An example of the use of the nephelometer in determining aerosol source strengths is presented below for one of the chamber measurements of ETS. In this experiment, a cigarette was lit approximately every 60 min. The burn time of the cigarette was 14.2 min and the air exchange rate, as measured by SF 6 tracer gas decay, was 0.019 /min (1.14 ACH ) . The chamber volume was 56.6 m 3 . For this experiment, a nephelometer to PM 2.5 conversion factor of 4.7 m 2 /g was used ( Table 1 ) . As indicated earlier, a small household fan was operated during the chamber to facilitate mixing. The assumption of a well -mixed space was validated partly by the exponential decay curve of the SF 6 tracer gas and also by other experiments we conducted in the chamber. We applied this approach for the experiment where nephelometer measurements were recorded for T=51 min and the concentration at time T was 156 g/m 3 and the average concentration during the 51-min period was 266 g/m 3 . From (8 ) This source strength estimate, 1.67 mg /min or 24.1 mg for the 14.2 -min emission period, agrees well with other experimentally determined emission rates for cigarettes (14 ± 22 mg /cigarette ) , as reported in the literature and discussed in Ott et al. (1996 ) .
Limitations
Since the relationship between the nephelometer response and the mass concentration is dependent upon particle size, shape, and density, the particulate characteristics in each microenvironment need to be well characterized, and separate calibrations need to be done for each type of source environment. This necessitates continued side -byside sampling with traditional filter methods or piezoelectric mass measurements for correlation purposes. Choice of a practical, environmentally friendly calibration gas also presents a challenge for nephelometer users. The traditional calibration gas, Freon -12, is a stratospheric ozone -depleting substance and is no longer available. Other commonly used gases SF 6 ) are also ozone -depleting substances and have refractive indices that are inappropriately low. The suggested use of test aerosols with the same refractive index as the aerosol to be sampled ( Horvath and Kaller, 1994 ) may well prove impractical.
Conclusion
Our measurements support the use of a portable nephelometer to assess indoor particle levels. The nephelometer measurements agree well with two independent mass measurements, the piezobalance and the inertial impactor, for a wide variety of combustion sources and for particle concentrations ranging from 10 to 400 g/m 3 . Use of the nephelometer for the continuous measurements of particles facilitates the determination of particle decay rates and source strengths, essential parameters for the development of accurate particle exposure models.
Indoor particulate concentrations are likely to vary considerably over time, because particles are generated by activities that are intermittent or of varying intensity (e.g., cooking, wood burning) . Continuous monitors such as nephelometers provide an important tool for distinguishing intermittent and variable exposures and therefore are extremely useful for identifying sources. Characterization of variable indoor exposures may well add valuable information to our understanding of the effects of particulate exposure on human health.
